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Steven L. Stice, 1 Nick S. Strelchenko, Carol L. Keefer, 2 and Lee Matthews 

American Breeder Service, Deforest, Wisconsin 53532 


ABSTRACT 


INTRODUCTION 

The establishment of embryonic stem (ES) cells from em- 
bryos of domestic farm animals has been problematic. 
There have been numerous reports of embryonic cell lines 
derived from domestic farm animal species that exhibit in 
vitro pluripotent characteristics (cattle [1], sheep [2, 31, pigs 
[2-4]). These cell lines can maintain a normal karyotype 
through numerous passages and are able to differentiate 
and form embryoid bodies in vitro. However, evidence of 
in vivo developmental capacity is lacking for most of these 
lines. Recent phenotypical information suggests that chi- 
meric pigs [51 and rats [6] have been produced, but the em- 
bryonic cell line contribution to the germ cells remains un- 
determined. One method of obtaining immediate germ-line 
contribution would be to utilize ES cells as donor nuclei in 
the nuclear transfer (NT) procedure. Reports of NT calves 
derived from inner cell mass (ICM) cells [7, 8] and cultured 
ICM cells [91 suggest that embryonic cell lines derived from 
ICM or blastomeres used in NT procedures might result in 
fetuses or offspring. 

In the mouse, the particular ES cell line and embryo ma- 
nipulation technique used influence the ability of ES cells to 
differentiate into fetal and placental tissues. Mouse ES cells 
showed limited potency when used as donor nuclei in NT 
proceduresUO]. ES cell NT embryos directed development 
to the blastocyst stage but failed to develop further when 
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transferred to recipient animals. Possible causes for the preg- 
nancy losses in the mouse could not be elucidated. However, 
Nagy and coworkers [11] showed that mouse ES cells from 
one particular ES cell line formed live offspring when aggre- 
gated to a tetraploid embryo. In those experiments, the tet-„ 
raploid cells gave rise to placental tissue while the ES cell 
contribution was almost exclusively fetal. Taken together, the 
minimal mouse ES cell contribution to the placental tissues 
in the chimera studies, and the limited development of NT 
embryos, suggest that ES cells may not be capable of initially 
differentiating into all conceptus cell types. 

In the present study, we tested the potency of bovine 
embryonic cell lines using NT procedures. Developmental 
rates to blastocyst stage for NT embryos were improved 
through modification in NT procedures. However, the de- 
velopmental potential of NT embryos beyond the blastocyst 
stage was limited to the period of organogenesis, with preg- 
nancy loss due, at least in part, to a deficiency in placentome 
development. 

MATERIALS AND METHODS 

Production of Embryonic Cell Lines 

Production of embryonic cell lines from blastocyst-stage 
embryos were described elsewhere [1] and modified in our 
laboratory. Briefly, primary cultures of embryonic fibro- 
blasts were obtained from l4-l6-day-old murine fetuses 
After the head, liver, heart, and alimentary tract were asep- 
tically removed, the embryos were minced and incubated 
for 30 min at 37°C in prewarmed trypsin EDTA solution 
(0.05% trypsin/0.02% EDTA; GIBCO, Grand Island, NY). Fi 
broblast cells were plated in tissue culture flasks and cul 
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tured in alpha-MEM medium (BioWhittaker, Walkersville, 
MD) supplemented with 10% fetal calf serum (FCS; Hy- 
clone, Logan, ITD, penicillin (100 IU/ml), and streptomycin 
(50 ul/ml). Three to four days after passage, embryonic fi- 
broblasts, in 35 X 10 Nunc culture dishes (Baxter Scientific, 
McGaw Park, IL), were treated with mitomycin C (10 ug/ 
ml; Sigma Chemical Company, St. Louis, MO) in supple- 
mented alpha-MEM for a minimum of 3 h. The fibroblasts 
were grown and maintained in a humidified atmosphere 
with 5% C0 2 in air at 37°C. Only culture plates that had a 
uniform monolayer of cells were used to culture the bovine 
embryonic cells. 

Bovine embryos were nonsurgically collected or pro- 
duced through use of in vitro procedures [12]. Blastomeres 
from morula, or the ICM of blastocysts, were partially dis- 
aggregated by a 10-min incubation in a 0.3% protease E 
(Sigma) in HEPES-buffered Hamster Embryo Culture Me- 
dium (HECM [13D supplemented with 3 mg/ml BSA fraction 
V (Sigma). After removal of a majority of the trophoblast, a 
clump of cells containing the ICM was washed through 3 
ml of HECM and plated directly onto the mitomycin C- 
blocked fibroblast cells. Disaggregated blastomeres were 
placed under the fibroblast feeder layer to initiate more con- 
tact with the feeder layer. A transfer pipette (50-100-|im 
diameter) was used to transfer the blastomeres between the 
feeder layer and culture plate. After 24 h in culture, the 
feeder layer usually reattached to the culture plate. The cell 
lin£s were maintained in a growth medium consisting of 
alpha-MEM supplemented with 10% FCS and 0.1 mM beta- 
mercaptoethanol (Sigma). Growth medium was exchanged 
every 2 to 3 days. Initial colonies were observed by the 
fourth day of culture and could be passaged between the 
seventh and tenth day. Only cells having the following three 
morphological features were isolated for passage: a small 
cytoplasmic/nuclear volume ratio, nuclei with multiple nu- 
cleoli, and cytoplasmic vesicles. Isolation of cells meeting 
these three criteria was accomplished by using a glass nee- 
dle to cut out and separate the desired portions of the cell 
colony. These sections were lifted off the dish and mechan- 
ically disaggregated into clumps of cells by repeated pipet- 
ting through a small-bore pipette (50-100 um). The disag- 
gregated clumps were then passaged onto a new feeder 
layer. Only cell lines that had undergone fewer than 10 pas- 
sages were used as nuclear donors in the NT procedure. 

AT Procedures 

Four NT experiments were performed to examine the 
time of activation and fusion, donor cell size, individual cell 
lines, and the ability of NT chimeras to develop in utero. 
NT procedures have been described previously [14, 151. 
Briefly, after slaughterhouse oocytes were matured in vitro 
[12], the oocytes were stripped of cumulus cells and enu- 
cleated with a beveled micropipette at approximately 18 h 
post the beginning of maturation (hpm). Enucleation was 


confirmed through use of Hoechst 33342 (3 Hg/ml; Sigma). 
Individual donor cells were then placed into the perivitel- 
line space of the recipient oocyte. Blastomeres from morula 
were mechanically separated, whereas embryonic cell line 
cells were disaggregated by protease treatment (see above). 
Time of fusion varied from one experiment to another, rang- 
ing from 20 to 28 hpm. However, fusion pulse parameters 
were maintained at a constant 90 V for 14 usee as described 
previously [15]. 

The procedure used to artificially activate oocytes has 
been described elsewhere [16]. The timing of activation was 
held constant (24 hpm). In brief, the activation procedure 
was as follows. NT embryos were exposed for 4 min to 
ionomycin (5 uM; CalBiochem, La Jolla, CA) in HECM sup- 
plemented with 1 mg/ml BSA and then were washed for 5 
min in HECM supplemented with 30 mg/ml BSA. The NT 
embryos were then transferred into a microdrop of CRlaa 
culture medium [17] containing 0.2 uM 4-diethylaminopyr- 
idine (Sigma) and cultured at 39°C 5% C0 2 for 4-5 h. The 
embryos were washed in HECM and then placed in CRlaa 
medium in microdrop plates and cultured for 3-4 more 
days at 39°C and 5% C0 2 . At all stages, oocytes and embryos 
were cultured in pre-equilibrated drops of medium (30-50 
|il) under light-weight mineral oil. 

After 4 days in culture, NT embryos were transferred into 
microdrops of CRlaa medium containing 10% FCS. At Day 
7 (Day 0 = day of fusion and activation) the developmental 
rates to blastocyst stage was determined. On Day 7 or 8, a 
limited number of blastocysts from various groups were 
transferred into recipient females. The stage of estrous cycle 
of the recipient was matched with the stage of the embryo. 

Production of Chimeras 

To produce aggregate chimeras, two 8-cell-stage blasto- 
meres were added to an 8-cell-stage NT embryo. NT em- 
bryos have reached the 8-cell stage by Day 2.5 of culture. 
At that time, 8-cell-stage in vitro-produced embryos (Day 
2.5) were mechanically disaggregated through use of a 
transfer pipette, and two of the blastomeres were trans- 
ferred through the slit in the zona of the NT embryo. These 
transferred blastomeres were placed in direct contact with 
the blastomeres of the NT embryo. The aggregate embryos 
were placed back into CRlaa supplemented with 3. mg/ml 
BSA and on the third or fourth day transferred into CRlaa 
supplemented with 10% FCS. Those embryos in which the 
combined cells had formed a blastocyst were transferred 
into recipient females. 

Pregnancy Detection and Ultrasound Observations 

Recipient females were monitored daily for return to es- 
trus. Females not returning to estrus between 25 and 30 days 
of gestation were examined by ultrasound (Aloka 500, 7.5 
MHz transducer; Corometrics Medical Systems, Wallingford, 
CT). The presence of a fetal heartbeat was the criterion for 
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considering a recipient to be pregnant. Those animals di- 
agnosed as pregnant were monitored every week for the 
presence or absence of a fetal heartbeat. The time of preg- 
nancy loss was arbitrarily set at midweek between the time 
a heartbeat was present and the time it was absent. Preg- 
nancies were monitored weekly until Day 90 of gestation. 

DNA Markers 

DNA was isolated from the tissues of presumptive NT 
and chimeric fetuses (heart, muscle, skin, and placenta) and 
calves (blood) to determine parentage. Polymerase chain 
reaction amplification of cytosine/adenine repeat microsa- 
.tellite markers (MGTG 4-B, TLGA 73, TLGA 57, TLGA 53, 
TLGA 263, TLGA 48, TLGA 122, TLGA 126, TLGA 227, TLGA 
261 TLGA 325, and TLGA 245; Linkage Genetics, Salt Lake 
City' UT) was performed, and the amplification products 
were analyzed at Linkage Genetics and Grace Washington 
Research Group (Columbia, MD). Conceptus and calf DNA 
marker results were compared with the DNA marker pro- 
files of the bulls used to produce embryos for both the es- 
tablished embryonic cell lines and the aggregate blasto- 
meres. In addition, DNA marker profiles were run on the 
embryonic cell lines themselves and compared with those 
of the conceptuses and calves. In order to quantify the em- 
bryonic cell line contribution in the chimera experiment 
DNA mixes composed of known ratios of DNA were used 
as standards for comparison with the putative chimeric tis- 
sues results. 


Sex Determination 

Sexing of embryonic cell lines was accomplished by am- 
plification of Y chromosome-specific DNA sequences using 
an assay kit produced by AB Technology (Pullman, WA) 
Three to six cells were removed from the embryonic cell 
lines and from the mouse feeder layer. These cells were 
washed through serum-free PBS and placed into microcap- 
illary tubes containing 10 ul sterile, deionized water. The 
samples were frozen-thawed to lyse the cells, and a reagent 
mixture containing the primers, nucleotide triphosphates, 
buffer solution, and Taq polymerase (Complete-Reaction- 
Mix AB Technology) was added. The primers in the reac- 
tion mix were for a bovine-ovine-caprine-specific Y chro- 
mosome repeat sequence and for a repeated autosomal 
sequence (control). Capillary tubes containing the samples, 
the control without DNA, and male and female controls 
were placed into a Corbett Capillary DNA Thermal Cycler 
FTS-1S (AB Technology). Male and nonspecific (autosomal 
control) DNA bands were separated and visualized by gel 
electrophoresis in an ethidium bromide-3% agarose gel. No 
bands were visible for the mouse feeder layer cells, dem- 
onstrating that the mouse feeder layer DNA did not interfere 
with this bovine-specific assay. 


Histology 

Conceptuses were recovered from five recipient animals 
by hysterectomy via a flank incision. Histological prepara- 
tions were made of recovered fetuses and placentomes. Tis- 
sue was placed in 10% buffered formalin, dehydrated in . 
increasing concentrations of ethyl alcohol, cleared in chlo- 
roform, and infiltrated with paraffin. Tissues were sectioned 
and stained with hematoxylin and eosin. Slide-mounted 
sections were then viewed under a microscope, and com- 
parisons between normal conceptuse* and NT conceptuses 
were made by a veterinary pathologist. < 

Statistical Analysis 

Statistical computations were made through use of chi- 
square analysis for all data (Instat; GraphPad Software, San 
Diego, CA). 

RESULTS 

Establishment of Embryonic Cell Lines 

Embryonic cell lines were established from in vivo- and 
in vitro-produced blastocyst- and morula-stage embryos (Ta- 
ble 1) Cell colony formation was observed approximately 3 
to 7 days after initiation of culture (Fig. la). An embryonic 
cell line was considered established when a homogenous 
population of cells could be maintained for several genera- 
tions Embryonic cell lines were established from all types of 
embryos tested. Each cell line maintained a low cytoplasmic 
to nuclear ratio, prominent nucleoli in the nucleus, and lipid 
vesicles in the cytoplasm. Some cell lines were allowed to 
proliferate, maintaining proper morphology for over 50 pas- 
sages (over 12 mo of in vitro culture). Furthermore, cell lines 
from each of the four types of embryos formed embryoid 
bodies when colonies became overcrowded in vitro (Fig. 
Id) These structures were considered embryoid bodies be- 
cause of their resemblance to blastocyst-stage embryos and 
the differentiation of cells within the structure (muscle, red 
blood cells; S.L. Stice, personal observations). In general, 
there were no morphologically distinguishable differences 
among embryonic cell lines derived from various stages 
(blastocyst or morula) and types (in vitro or in vivo derived) 
of donor embryos (Table 1). 

Besides forming embryoid bodies, the embryonic cell 
lines also formed differentiated cell types in vitro. Large 
loosely attached, highly refractory, and irregularly shaped 
endoderm-like cells (not shown) were present as were troph- 
ectoderm-like cells (Fig. lb). Trophectoderm-like cells were 
often present in the primary culture and later removed and 
discarded. These cells had distinguishing features that in- 
cluded a larger cytoplasmic/nuclear volume ratio than the 
embryonic cell lines and had numerous cytoplasmic vacu- 
oles When dissociated, trophectoderm-like cells were not 
round in shape and were obviously larger in diameter than 
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TABLE 1. Derivation of embryonic cell lines derived from different stages and sources of embryos. 




No. of embryos 

No. of 


Formed 


Source of 

placed in 

established 


embryoid 

Embryo stage 

embryo 

culture 

cell lines* 

% Established 

bodies 

Morula 

In vitro 

12 

8 

67% 

Yes 

Morula 

In vivo 

11 

. 6 

55% 

Yes 

Blastocyst 

In vitro 

15 

7 

47% 

Yes 

Blastocyst 

In vivo 

27 

15 

55% 

Yes 


^Numbers of established embryonic cell lines were not different among embryo stages and sources. 


the embryonic cell line cells (Fig. lc). Disaggregated tro- 
phoblast cells obtained directly from a blastocyst-stage em- 
bryo had similar trophectoderm-like characteristics. 

NT 

Experiment I: Time of activation. Previously it was re- 
ported that temporal relationship between activation and 


fusion affected the developmental rate of bovine 32-cell- 
stage blastomere-derived NT embryos [15, 18, 19]. There- 
fore, developmental rates were determined for NT embryos 
in which the donor cells (blastomeres or embryonic cell line 
cells) were fused with the enucleated oocyte either before, 
simultaneously with, or after oocyte activation (Table 2). 
The temporal relation between activation and fusion did 
affect developmental rates, but embryonic cell line nuclei 



FIG. i. a) A typical cell colony from morula- and blastocyst-stage embryos 4-7 days after being seeded on top of a feeder layer, b) An embryonic cell line {e) colony 
exhibiting a high nuclear-to-cytoplasmic ratio and some vesicles in the cytoplasm. An outgrowth of trophoblast cells (t) developing around the perimeter of a colony, c) 
Disaggregated cells, mouse embryonic fibroblast cells (f), trophoblast cells (t), and embryonic cell line cells (e). d) Simple embryoid body or vesicle formation after over- 
crowding of cell colonies in culture, a-c, x 186, original x200;d, X93, original x100. 
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32-cell blastomere 
Embryonic cell line 
32-cell stage blastomere 
Embryonic cell line 
32-cell stage blastomere 
Embryonic cell line 


•Time of fusion varied (20. 24 or 28 hpm). but time of activatton remained constant {2i\ pm). 
'■"■Number developing to the blastocyst stage without a common superscnpt differed ( p < 0.05). 
"Too few of the NT embryos were transferred to determine differences in pregnancy rates. 


responded differently than did the blastomere nuclei. As 
expected, developmental rates were highest for blastomere- 
derived NT embryos when the blastomeres were fused (28 
hpm) with previously activated oocytes (13%; P < 0 05). 
The embryonic cell line NT embryos' highest developmen- 
tal rates to blastocyst stage (10%) were obtained when the 
NT embryo was activated 4 h after the cell fusion procedure 
(20 hpm). Although the fusion pulse might have induced . 
partial activation of NT embryos, complete activation was 
accomplished only after the activation stimulus was given 
4 h later. NT embryos not receiving the activation stimulus 
after fusion underwent premature chromatic condensation 
and did not cleave. These nonactivated NT embryos were 
also used to determine fusion rate. Fusion rates did not dif- 
fer among experimental groups in this study (data not pre- 
sented). In this initial experiment, a limited number of NT 
blastocysts were transferred to recipient females. Only the 
blastomere NT embryos developed past 50 days of preg- 
nancy and eventually to full term (Table 2). Although all of 
the embryonic cell line NT pregnancies eventually aborted, 
the pregnancies had clearly been established as determined 
by ultrasound. 

Experiment II: Donor cell size. The relative size or 
mouse ES cells used to produce chimeric embryos has been 
shown to be correlated with resulting percentage of germ- 
line chimeras [20]. Smaller-diameter mouse ES cells resulted 
in a higher percentage of germ-line chimeras. Therefore, the 
effect of cell diameter on developmental rates to the blas- 
tocyst stage after NT was monitored. Following disaggre- 
gation, individual cells were categorized into three different 
groups: large, medium, and small cells with approximate 
diameters of 21 urn, 18 \im, and 15 urn, respectively. Cells 
from each group were used in the NT procedure. The fusion 


pulse (20 hpm) was applied 4 h prior to the activation stim- 
ulus Developmental rates were affected by the size of the 
donor cell (Table 3), with small cells having significandy 
higher developmental rates to the blastocyst stage than me- 
dium or large cells ip < 0.005). Only 19 NT embryos de- 
rived from these cell groups were transferred to recipient 
animals, and those that were transferred failed to maintain 
the pregnancy beyond 39 days of gestation (Table 3). 

Experiment III: Individual cell lines. Embryonic cell 
lines derived from various sources of embryos were used 
• as donor nuclei in the NT procedures. The NT parameters 
that yielded the highest developmental rates to the blasto- 
cyst stage in experiments I and II (i.e., fusion prior to acti- 
vation and small cells) were used in this experiment. De- 
velopmental rates to the blastocyst stage as well, as 
pregnancy rates were monitored (Fig. 2a). Of the sexed cell 
lines, the male line had a lower developmental rate to the 
blastocyst stage than did the female lines (p < 0.001). Con- 
versely, NT blastocysts derived from the male line (0761) 
had a higher proportion of established pregnancies devel- 
oping past 40 days (6 of 39, 15%) than did those from the 
female lines (pooled results, 0734 and 0713; 9 of 177, 5%; p 
< 0.05). Two conceptuses reached greater than 50 days of 
gestation before the heartbeats were no longer detected 
during ultrasound examination. 

Five conceptuses ranging from 35 to 55 days of gestation 
were recovered after their heartbeat was no longer detected 
by ultrasound. A 55-day fetus showed no gross abnormali- 
ties when recovered (Fig. 2b). Similarly, the other four con- 
ceptuses exhibited no overt abnormalities. Two of the five 
, fetuses were prepared for histological analysis and DNA 
marker analysis. DNA marker identification confirmed that 
these fetuses were derived from the embryonic cell line 


TABLE 3. The development of NT using donor nuclei from embryonic cell line cells of various sizes derived from blastocyst-stage 
embryos with activation occurring 4 h after fusion. 


Embryonic cell line 
cell diameter 


No. NTs 
produced 


No. NTs to 
blastocyst (%) 


No. NTs transferred 
to recipients 


No. pregnant 


> 30 Days 


> 40 Days 


15 jim 
18Lim 
21 urn 


592 
703 
643 


117 a (20) 
88 b (13) 
77 b (10) 


11 
4 
4 


0 
1 
0 


•"Numbers developing to the blastocyst stage without a common superscript differ ( p < .0005). 
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F| G. 3. A sagittal section of a Day 40 fetus derived from an embryonic cell line NT embryo ( x 4). 


STICE ET AL. 






0734. Sagittal sections from these fetuses were not inform- 
ative as to the cause of death in these pregnanc.es (Fig. 3). 
However, gross examination of the placental ussue of fte 
OT^onceptuses showed that cotyledonary ussue was ob- 
v7ou"y absent (Fig. 4, d and e). Binucleate ^cells were Pres- 
ent in the placental membranes of the NT pregnancies^ 
However^whether these cells were physiologically normal 


HG.5. -lA^daycnin^cconcep^ 
an embryonic cell line NT 

same conceptus appeared normal (x 1.4). 
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TABLE 4- The developmentof NT using donor nuclei from embryonic cell lines derived Irom morula- or blasrocysl-stage embryos using 15irm donor cell and acu'vation 
4 h after fusion. 


Embryonic 
cell line ID 


Stage 


0734 
0761 
0713 
0870 
0677 


Blastocyst 
Blastocyst 
Blastocyst 
Morula 
Morula 


Source 

Sex 

No. NTs 
produced 

In vivo 

F 

1047 

In vivo 

M 

498 

In vitro 

F 

863 

In vivo 


84 

In vitro 


704 


No. blastocysts 
(%) 


No. blastocysts 
transferred to 
recipients 


No. pregnant (%) 


> 30 Days > 40 Days > 50 Days 


246 a (23) 
58 b (12) 

31 4 C (36) 
34 c (40) 

250 c (36) 


164 
39 
13 
15 
20 


27(16) 
8(21) 
4(31) 
2(13) 
6(30) 


9 d (5) 
6 e (15) 
0 d 
0 

1 (5) 


1(1) 

1(3) 

0 

0 

0 


•Preanancv rates did not differ at 30 days. . nnmi 

0.05). 


remains unknown. Four conceptuses derived from in vitro- 
produced embryos taken at similar times (30-55 days of 
gestation) possessed cotyledonary tissue. Furthermore, the 
caruncular tissue from the NT pregnancies did not develop 
crypts and had a hemorrhagic response at the surface of the 
caruncles (Fig. 40- In all cases, NT embryo placentation was 
abnormal for that stage of gestation. 

Experiment IV: Aggregation chimeras. In an attempt to 
rescue the NT pregnancies, aggregate chimeras were pro- 
duced by combining the 8-cell-stage blastomeres from NT 
embryos with two blastomeres from in vitro-produced em- 
bryos of a similar stage (Fig. lb). Aggregate embryos (n - 
53) were transferred to recipient females. Initially, eight 
pregnancies were established past 60 days of gestation^ 
Three pregnancies were lost between 60 and 90 days of 
gestation, and five pregnancies were carried to term. One 
of the pregnancies that aborted at 85 days was recovered 
(Fig. 5). DNA microsatellite markers were used to establish 
parental origin and percentage of embryonic cell line con- 
tribution to the chimeras. Tissue from the placenta, skin, 
muscle, and heart showed approximately a 50/50 contri- 
bution from the two embryos used to make the aggregate 
chimeras. Again, no abnormalities were observed in the fe- 
tus but abnormally fewer and smaller cotyledons were 
present on the placenta than expected for that stage of ges- 
tation (Fig. 5). There was no detection of embryonic cell 
line contribution to the blood and ear punch samples ob- 
tained from the offspring. Sensitivity of the DNA marker 
assay should allow the detection of an embryonic cell line 
contribution of 10% or greater in any tissue. 

DISCUSSION 

Established bovine embryonic cell lines directed embry- 
onic development through organogenesis when used as do- 
nor nuclei in NT procedures. In order to make conclusive 
genetic identification of fetuses and offspring using DNA 
markers, the marker genotype of either the maternal and 
paternal source or, as in the present study, the embryonic 
cells themselves must be analyzed. DNA marker results con- 
firmed that embryonic cell lines did contribute to NT fetuses 


and multiple tissue types in an 85-day NT chimeric fetus. 
Marker analysis of offspring indicated that there was little 
or no genetic contribution from the embryonic cell lines to 
blood or ear tissues samples . 

The exact cause(s) of pregnancy loss for both NT embryos 
and chimeras is unknown. However, placental developmental 
failure should be considered a contributing factor. Normally, 
cotyledon formation occurs by Days 25-30 of gestation in 
cattle [21, 22], It has been reported that until approximately 
Day 40, it is possible for the bovine conceptus to survive on 
"uterine milk" [21]. However, after this time point, fetal-ma- 
ternal exchange of nutrients and gases must occur through 
functioning placentomes in order to maintain the pregnancy. 
The timing of pregnancy losses in the present study coincides 
with timing of placentome formation in normal conceptuses. 
The hemorrhaging in the caruncles of NT pregnancies indi- 
cated that there was a maternal response to the presence ot 
the conceptus but that proper placentome formation did not 
ensue. There was also a marked reduction in the number and 
size of cotyledons in the chimeric pregnancy, indicating that 
the contribution of the in vitro-produced embryo could pro- 
long the pregnancy but not totally rescue it. Future chimera 
experiments in which the placental contribution from the NT 
embryo is minimized might extend these pregnancies past 85 
days of gestation. ' . 

The timing of fusion in relation to activation and the size 
of the donor cell had'a significant effect on NT embryo de- 
velopment rates to the blastocyst stage. Fusion (20 hpm) at 
4 h prior to activation (24 hpm) was most beneficial for em- 
bryonic cell line NT embryos, whereas for blastomere NT 
embryos, the developmental rates were higher when fusion 
(28 hpm) occurred at least 4 h after activation (24 hpm). In 
previous studies [15, 18, 191, the fusion pulse has been used 
to activate aged oocytes (> 30 hpm). Thus, it is possible that 
the fusion pulse might have also induced oocyte activation 
in the present study. However, NT embryos were not acti- 
vated when given a fusion pulse alone (20 hpm), suggesting 
that fusion pulse-induced activation was negligible in this 
study The data for blastomere NT embryos were in agree- 
ment with results from previous bovine studies in which de- 
velopmental rates were improved when the recipient oocytes 
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were activated prior to blastomere fusion [15, 18, 191. The cell 
cycle stage of the donor blastomere has also been shown to 
affect bovine NT embryo developmental rates. The optimal 
developmental rates occurred when 32-cell-stage bovine 
blastomeres (10-15 h after M phase) were fused with a pre- 
viously activated oocyte [231. The cell cycle of blastomeres 
differs greatiy from that of the embryonic cell lines. Approx- 
imately 80% of cleavage-stage bovine blastomeres are in the 
S phase [18], whereas 40-60% of embryonic cell line cells 
are in Gl phase at any given time (S.L. Stice and N.S. Strel- 
chenko, unpublished results from flow cytometry analysis). 
Dissimilarities in the cell cycle characteristics might account 
for differences in developmental rates observed between 
these two types of donor nuclei. In the rabbit, a blastomere 
in Gl phase had a higher developmental rate to the blasto- 
cyst stage when placed in a nonactivated M-phase oocyte 
[24]. As most of the embryonic cell line nuclei in the present 
study resided in Gl phase, resulting NT embryos had a 
higher development capacity when these nuclei were fused 
with a nonactivated oocyte. 

In a study in the mouse, the percentage of offspring that 
were chimeric increased when smaller (7-9 urn) rather than 
larger (9-18 \irri) ES cells were injected into the blastocoele 
cavity of the host blastocysts [21]. Similarly to mouse ES cell 
chimera experiments, the present studies showed that in- 
dividual bovine embryonic cells with a smaller cell diameter 
(15 urn) had a higher developmental capacity than larger 
cells (18 or 21 urn). Perhaps smaller cells have divided more 
recently and therefore were earlier in the cell cycle (Gl) 
than the larger cells. Alternatively, the larger cells might 
have been polyploid and thus less likely to develop to the 
blastocyst stage when used as donor nuclei in the NT pro- 
cedure. A proportion of cells within bovine embryonic cell 
lines have been shown to possess an abnormal karyotype 
[251. In any case, the status of the .cell cycle and the cell's 
ploidy are important factors to consider when one attempts 
to improve the efficiency of NT procedures. 

Similarities in the pluripotent properties between the bo- 
vine embryonic cell lines in the present study and mouse ES 
cells in other studies were observed. NT embryos derived 
from mouse ES cells [10] and NT embryos derived from the 
bovine embryonic cell line developed to the blastocyst stage, 
but in both cases the resulting pregnancies were either reab- 
sorbed (mouse) or lost early in gestation (bovine). Further- 
more, tetraploid cells aggregated with mouse ES cells resulted 
in conceptuses with placental tissue almost exclusively de- 
rived from the tetraploid cells [11], indicating a failure of the 
ES cells to make a major contribution to the placenta. Like- 
wise, the bovine embryonic cells were not able to direct nor- 
mal placentome formation. While chimerism prolonged de- 
velopment of the conceptus to 85 days, the in vitro-produced 
embryo contribution to the placenta was only 50%. Perhaps 
a higher contribution from these cells would extend preg- 
nancies further. Bovine tetraploid embryos did not develop 


beyond the 8-cell-stage in our laboratory (data not presented), 
thus prohibiting the use of tetraploid embryos as helper cells 
in placentation for bovine NT embryos. 

From the male and female bovine embryonic cell lines 
studied (Table 4), sex- or cell line-dependent differences 
appear to exist. The male line (0761) derived from a blas- 
tocyst-stage embryo had a higher proportion of resulting NT 
embryos developing past 40 days of gestation than did sim- 
ilar lines derived from female embryos (0734 and 0713). 
Male mouse ES cell lines are more easily obtained, and they 
maintain a more stable karyotype than female lines [26]. 
Bovine embryonic cell lines do undergo karyotypic changes 
over time, and female lines have an increase in X-inactiva- 
tion over 15 passages [251- Subtle differences in genomic 
stability might explain developmental differences observed 
among embryonic cell lines used in this study. Additional 
experiments are needed to determine whether or not these 
differences are related to the sex of a particular cell line. 

Differences in pluripotent properties between morula- 
and blastocyst-stage-derived embryonic cell lines were not 
observed in the current study. Pluripotent mouse ES cells 
have been produced from mouse morula-stage embryos but 
have not been tested for germ-line contribution [27]. Mink 
embryonic cell lines derived from morula-stage embryos 
give rise to more diverse differentiated tissue types than cell 
lines derived from early blastocysts [28]. However, the tech- 
niques used to determine the potency of the cell lines dif- 
fered greatly among these studies. Species-specific differ- 
ences may also explain these observed differences. 

Previous bovine NT investigations using blastomeres as 
donor nuclei also showed a high incidence of pregnancy 
loss and placental abnormalities. The greatest number of 
established pregnancies were lost between Days 30 and 90 
of gestation [29]. In addition, multiple generational cloning 
leads to a higher incidence of pregnancy losses ([30]; K. 
Bondioli, personal communications). In fact, all pregnan- 
cies produced from greater than three generations of re- 
cloning have aborted prior to 60 days of gestation (S.L! Stice, 
unpublished results). A higher incidence of hydrops or hy- 
drallantois, an abnormal accumulation of fluid in the allan- 
toic cavity, has been observed with blastomere NT preg- 
nancies [291. Therefore, blastomere NT embryos also appear 
to have placental development deficiencies, albeit not to the 
extent observed with embryonic cell line NT embryos. 

In summary, bovine embryonic cell lines derived from 
either morula- or blastocyst-stage embryos exhibit in vivo 
pluripotential properties. Pluripotency was demonstrated 
through NT procedures resulting in NT embryos that de- 
veloped through early organogenesis. Developmental ca- 
pacity of NT embryos could be extended out to 85 days 
when they were aggregated with cleavage-stage in vitro- 
derived embryos. Pregnancies should be extended even 
further when placental deficiencies observed in both the NT 
and chimera are reduced or eliminated. 
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